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T
he C

hallenge: Source D
etection

W
hat challenge??

(G
ranted, it does look easy here.  T

his
is a H

ubble im
age of the globular

cluster 47 T
uc, courtesy P. E

dm
onds.)



T
he C

hallenge: Source D
etection

It gets harder: not everything seen
in this false-color C

handra im
age

of the core for 47 T
uc is an

X
-ray source.  (P. E

dm
onds)

A
s seen in this R

O
SA

T
 im

age
of the Pleiades, the X

-ray source
detector m

ust w
orry about high

backgrounds and exposure 
variations (the edge of the circular
field-of-view

 and the support-rib
shadow

s).  (V
. K

ashyap)



T
he C

hallenge: Source D
etection

•
Sources m

ay be easy to see in a typical H
ubble im

age.
H

ow
ever, detecting and characterizing them

 becom
es

increasingly difficult at higher energies.

•
Source data m

ay consist of only a few
 counts, hence

w
e m

ust rely on the Poisson distribution w
hen m

aking
statistical inferences.

•
Som

e spatially extended sources (e.g., supernova
rem

nants) em
it brightly at high energies and m

ay
overlap w

ith point sources, m
aking detection and

characterization of the latter m
ore difficult.

•
H

ow
 a high-energy telescope blurs a point source (i.e.,

the telescope’s point-spread function) m
ay be spatially

non-uniform
.

•
Is this a source, or a background fluctuation?



D
etection T

heory: the Short Form

•
The Ingredient(s): a N

-dim
ensional event list or binned “im

age.”  (A
nd an exposure m

ap,
know

ledge of the PSF, etc., if appropriate.)

•
The D

etection “Tool”: som
e function that is localized (i.e., non-zero only over som

e
characteristic scale) w

ithin at least som
e subset of the dim

ensions.

•
The H

ypotheses:

   M
0 : the data in a given pixel are (Poisson-)sam

pled from
 the background.

   M
1 : the data are a sum

 of sam
ples from

 the background and an astronom
ical source.

N
ote: the follow

ing statem
ents are generic; they m

ay or m
ay not apply to the specific

source detection algorithm
 of your choice.  T

hey are m
eant to build your intuition.



T
he Five-Fold Path

•
Select an appropriate function scale, _.  (If one is attem

pting to detect a point source, this
w

ould be som
e encircled-energy radius of the PSF.)

•
E

stim
ate the background am

plitude, B
.  (In actuality, one w

ould do this estim
ation for each

im
age pixel-here, w

e narrow
 the problem

 to a single pixel.)

•
D

eterm
ine the value of a selected m

odel com
parison test statistic, T

o .

•
D

eterm
ine the significance, _:

•
C

om
pare _ to a pre-determ

ined threshold significance value _
o .

For a given source detection algorithm
, an analyst m

ight follow
 this five-fold path to

source detection N
irvana:

If _ < _
o , the pixel is associated w

ith a source!



C
lassic D

etection: C
E

L
L

D
E

T
E

C
T

•
The F

unction(s): tw
o box functions w

ith unit
am

plitude, co-aligned and centroided at pixel (i,j).
T

he num
ber of counts w

ithin each box are D
d  and D

b .

•
The D

eterm
ination of B

: done by assum
ing (a) the

truth of the alternative m
odel, and (b) that the source

is point-like:

   w
here _ and _ are the integrals of the PSF w

ithin
each box, respectively.

•
The M

odel C
om

parison Test Statistic: the signal-to-
noise ratio, or SN

R
:

•
A

ssociating a P
ixel w

ith a Source: If SN
R

 > SN
R

thr ,
accept the alternative m

odel.

•
For m

ore inform
ation: C

IA
O

 detect m
anual.



N
ew

 D
etection: W

A
V

D
E

T
E

C
T

•
The F

unction: the M
arr, or “M

exican H
at”

w
avelet, W

(_) (above, right), w
hich is non-zero

w
ithin a circle of radius ª 5_ from

 the centroid.

•
The D

eterm
ination of B

: done by determ
ining the

average num
ber of counts per pixel in the

w
avelet negative annulus (below

, right), w
hile

using it as a w
eighting function; done iteratively,

w
ith source counts rem

oved from
 the field until

the background estim
ate stabilizes.

•
The M

odel C
om

parison Test Statistic:

T
o  =

 C
o  =

 _
i’ _

j’ W
 i-i’,j-j’  D

 i’j’
•

A
ssociating a P

ixel w
ith a Source: if

_ =
IC

o 4 dC
 p(C

|2!_
2B

) <
 _

o

    accept.  A
 typical choice for the threshold is 1/P

,
w

here P
 is the num

ber of pixels exam
ined in the

im
age; it thus corresponds to a num

ber of false
pixels.

See F
reem

an et al. 2002, A
pJS 138, 185 for m

ore details.



W
hy M

exican-H
at W

avelets?

•
T

he G
aussian-like positive kernel has a

shape sim
ilar to canonical point-spread

functions (PSFs).

•
T

he function is localized in both the spatial
and Fourier dom

ains; a dyadic (factors of
tw

o) sequence of scales is sufficient to
sam

ple the frequency dom
ain.

•
It has tw

o “vanishing m
om

ents”: the
correlation of M

H
 w

ith constant and linear
functions is zero.  It thus “annihilates” the
contribution of a spatially constant or linear
background to the correlation coefficients.



Potholes on the Five-Fold Path

•
PSFs in the X

-ray regim
e are spatially varying (w

hich partially m
otivates the m

ulti-scale
approach to source detection; the other m

ajor m
otivation is the study of extended sources,

e.g., SN
R

s, hot gas in clusters).

•
T

he optim
al determ

ination of B
 from

 raw
 data consisting of source and background counts

is an unsurm
ounted statistical challenge.

•
T

he cosm
ic background is not necessarily spatially constant!

•
T

he probability sam
pling distributions (PSD

s) from
 w

hich observed values of T are
sam

pled generally cannot be represented analytically, except asym
ptotically in the high-

counts lim
it; sim

ulations are needed.

•
T

here is no m
odel com

parison test statistic T that has been proven to be “m
ost

pow
erful”…

and test pow
er is extrem

ely difficult to com
pute.

•
A

nd exposure m
aps, vignetting, etc.: V

inay speaks of these.

•
B

elow
, I expand on som

e of these issues…



Pothole: Spatially V
arying PSFs

A
 point source observed on-axis

(center) w
ith an X

-ray telescope
w

ill be m
ore sharply in focus than

a source observed off-axis (outer
eight panels), in large part
because the counts-recording
instrum

ents are flat.  Sources
detected using a cell or w

avelet of
one scale m

ay not be detected at
another scale: a m

ulti-scale
approach is necessary for robust
detection!



Pothole: B
ackground D

eterm
ination

•
In theory, can m

odel cosm
ic+particle

background, but not easily done.

•
E

stim
ated from

 raw
 data.  H

ow
 to do?

•
If one uses PSF inform

ation, one m
ust

m
ake assum

ptions of spectral form
(since w

idth varies as function of
energy); also, bad for detecting
extended sources.

•
W

A
V

D
E

T
E

C
T

 com
putes

backgrounds at each scale, and
com

bines them
; accurate enough for

source detection, but system
atic rings

(top right) and bum
ps (bottom

 right)
m

ake final result not necessarily
quanitatively accurate.

Strong source biases background in ring around it:

Large-scale source biases background at source location:



Pothole: Spatially V
arying B

ackgrounds

N
earby regions of dense gas/dust

can absorb the cosm
ic background

(e.g., from
 A

G
N

s), creating X
-ray

“shadow
s” such as that observed in

the Pleiades.  (N
earby em

ission in
the hot local bubble m

eans that w
e

still see background photons in
shadow

ed regions.)



Pothole: C
om

putation of Significance

•
In the high-count lim

it, p(C
|q =

 2!B
2) tends to a zero-

m
ean G

aussian distribution of w
idth _ =

 q
1/2.

•
E

lsew
here, p(C

|q) is determ
ined via sim

ulations.  (A
t

right, a sam
ple PSD

 at low
 counts from

 D
am

iani et al.
1997.)



Pothole: C
om

putation of Significance

T
he picture to the right show

s the
significance (from

 sim
ulations) as a

function of q and C
 (to the left of

the cusp) or C
/sqrt(q) (to the right

of the cusp).  T
he contours are 0.1

(bottom
) to 10

-7 (top).  T
his figure

dem
onstrates that a relatively

sm
ooth distribution (asym

ptotically
G

aussian, at high q) becom
es very

m
essy at low

 q, and show
s that

sim
ulations are required.  T

he low
 q

lim
it is im

portant for C
handra,

w
hose the sm

aller field of view
greatly reduces the num

ber of
cosm

ic background events per pixel
per second, relative to R

O
SA

T
.



Pothole: T
ype II E

rror
•

T
he T

ype II error is nearly im
possible to com

pute for current source detection algorithm
s

because of the fuzzy w
ay the problem

 is stated: the alternate hypothesis is that “pixel (i,j)
includes som

e num
ber of source counts.”

•
C

om
puted instead is the “detection efficiency”: how

 often does the algorithm
 detection a

source of strength x, at off-axis location y, w
hen the background is z…

•
U

nlike T
ype I error, detection efficiency is instrum

ent-specific.

•
D

epends on scale sizes, background, am
plitude, extent, spectrum

, and off-axis
angle, in addition to the details of the exposure at the source location.

•
A

 related topic: upper lim
its (“I don’t detect a source at (i,j).  H

ow
 strong could an

underlying source be and still not be detected?”).  R
arely analytically com

putable, it can be
read off from

 detection efficiencies, if those have been com
puted.


